Mixtures of cetyltrimethylammonium tosylate (CTAT) and sodium dodecylbenzene sulfonate (SDBS) in water form a fluid lamellar phase at <40 wt % water but surprisingly turn into viscous gels at higher water fractions. The gels are characterized by spherulite and other bilayer defects consistent with a low bending elasticity, ϳ k BT, and a nonzero spontaneous curvature. Caillé analysis of the small-angle x-ray line shape confirms that for 7:3 wt:wt CTAT:SDBS bilayers at 50% water, ‫؍‬ 0.62 ؎ 0.09 kBT and ‫؍‬ ؊0.9 ؎ 0.2 kBT. For 13:7 wt:wt CTAT:SDBS bilayers, the measured bending elasticity decreases with increasing water dilution in good agreement with predictions based on renormalization theory, giving o ‫؍‬ 0.28 k BT. These results show that surfactant mixing is sufficient to make ϳ kBT, which promotes strong, Helfrich-type repulsion between bilayers that can dominate the van der Waals attraction. These are necessary conditions for spontaneous vesicles formed at even higher water fractions to be equilibrium structures.
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bending constants ͉ electron microscopy ͉ phase behavior ͉ x-ray scattering M ixtures of cetyltrimethylammonium tosylate and sodium dodecylbenzene sulfonate (CTAT:SDBS) in aqueous solution were the first cationic-anionic (catanionic) surfactant system reported to form unilamellar vesicles spontaneously without substantial input of energy (1) . An open question is whether such vesicles are at thermodynamic equilibrium, or are simply a metastable organization on their way toward multilamellar liposome dispersions in excess water (2) (3) (4) (5) (6) (7) (8) . For unilamellar vesicles to be stable relative to an ''onion'' or multilamellar liposome phase in excess water, the net bilayer interaction must be repulsive so that the system does not prefer a well defined layer spacing.
One way to stabilize unilamellar vesicles is for the surfactant bilayer to develop a spontaneous curvature (1) (2) (3) 9) . For this to occur, there must be an asymmetry in the composition of the inner and outer monolayers (hence, this can only occur in surfactant mixtures or if the vesicle interior and exterior have different environments), because the respective curvatures of the monolayers in a vesicle are opposite in sign but nearly equal in magnitude (2, 9, 10) . If the bending constant is sufficiently large, variations from the spontaneous curvature are sufficiently unfavorable that multilamellar vesicles (MLVs) are prohibited, even in the presence of moderately attractive bilayer interactions. Hence, a monodisperse population of unilamellar vesicles at equilibrium implies that stabilization results from a spontaneous curvature and a large bending constant (3, 4, 11) . At higher concentrations, or in the presence of stronger attractive bilayer interactions, this mechanism can lead to stable vesicles with a quantized number of bilayers because the interaction energy can overcome the increase in curvature energy for a limited deviation away from the spontaneous curvature (3). At sufficiently high concentrations, however, packing constraints lead to a coexistence of vesicles with a multilamellar phase (1, 9) .
In the second and probably more common mechanism, vesicles can be stabilized by the gain in entropy resulting from the large number of finite sized vesicles (1, 12) . This will always be the case at sufficiently low surfactant concentration, although in practice, the concentration may need to be vanishingly small to stabilize vesicles (9, 13) . At higher surfactant concentrations, the bilayer elastic constant, , must be of order k B T or less to favor vesicles. If ϳ k B T, the repulsive Helfrich undulation interaction, which is inversely proportional to the bending elastic constant (10, 14) , can overcome the attractive van der Waals interactions between the bilayers. The smaller the bending constant, the larger are the repulsive interactions between layers; the net interaction between bilayers can be repulsive, and MLVs are prohibited in excess water (3) . Again, at sufficiently high surfactant concentrations, packing constraints lead to a coexistence of vesicles with a multilamellar phase (1, 15) .
Hence, to determine whether vesicles can be thermodynamically stable relative to a multilamellar liposome phase in excess water requires knowing at least the order of magnitude of the bilayer bending energy, E B :
Eq. 1 was derived from the limiting case for thermotropic smectic phases (16) by Helfrich over 30 years ago and is universally used to describe monolayer and bilayer deformations at constant bilayer spacing or for isolated bilayers (10, 17) . R 1 and R 2 are the principle radii of curvature, R 0 is the spontaneous radius of curvature, and are the mean and Gaussian bending constants, respectively, and A is the area of the bilayer. The harmonic approximation is appropriate when the bilayer thickness (here Ϸ3 nm) and the Debye length (Ͻ1 nm) (13) are small compared with R 1 and R 2 . The two elastic constants, and , play quite different roles in bilayer organization.
The magnitude of determines the energy needed to bend the bilayer away from its spontaneous radius of curvature, R 0 , and hence determines the magnitude of fluctuations. For single component or otherwise symmetric bilayers, 1͞R 0 ϭ 0 by symmetry; a nonzero spontaneous curvature is only possible when nonideal surfactant mixing causes the interior and exterior monolayers of the bilayer to have different compositions or environments (2, 9, 16) . has little effect at equilibrium, as the Gauss-Bonnet theorem states that the integral of the Gaussian curvature over a given surface only depends on the genus of the structure (18) . Hence, as long as structural fluctuations take place at constant topology (as in a multilamellar phase) or vesicle number, the Gaussian curvature terms in Eq. 1 are constant. This adds to the difficulty of measuring .
In addition to determining the necessary conditions for catanionic vesicle equilibrium, a key requirement to the control of surfactant structural organization is relating R 0 , , and to surfactant molecular structure and solution conditions. In previous work, the measured size distributions of spontaneous vesicles determined by cryo-TEM (transmission electron microscopy) were fit to a mass-action model to provide values of R 0 and ϩ ͞2 for different cationic and anionic surfactant mixtures (3, 4, 11) . For all mixtures of anionic and cationic hydrogenated surfactants studied, including CTAT:SDBS, ϩ ͞2 was of order k B T (3, 4, 11, 15) . However, the individual constants, and , could not be determined independently from the size distribution. Because can be either positive or negative [stability requires Ͼ 0 (17)], ϩ ͞2 can remain small as observed for the catanionic vesicles if both and increase in magnitude but with opposite signs.
Here we present an x-ray and freeze-fracture characterization of the lamellar phase of CTAT-SDBS in water. For water fractions between 50% and 75%, an opaque lamellar phase gel forms from 7:3 (wt:wt; 64:36 mol:mol) CTAT:SDBS mixtures that has a highly defected, spherulite texture, similar to lamellar gels of dimyristoyl phosphatidylcholine, pentanol, and polyethylene glycol lipids (19) (20) (21) . At 40% water volume fraction, the lamellar phase becomes transparent and fluid, and the bilayers are flat and well aligned (Fig. 1) . A simple defect-based theory of this structural progression requires that ϳ k B T and that a bilayer spontaneous curvature exists (19) (20) (21) . Adding pentanol to the lamellar gel phase eliminates the defects in the bilayers and the lamellar phase becomes fluid. This defect elimination suggests that the pentanol causes the spontaneous curvature radius to increase, likely by diluting the concentration difference between the inside and outside monolayers of the bilayer. This may provide a way of controlling the mean size of catanionic vesicles.
To evaluate quantitatively, we present Caillé line shape analysis of the small-angle x-ray scattering (SAXS) (21) (22) (23) (24) (25) that confirms ϳ k B T for two different CTAT:SDBS ratios. From this analysis, it appears that surfactant mixing is sufficient to lead to low values of the bending elasticity. From previous cryo-TEM measurements of the vesicle size distributions (11, 25) , ϩ ͞2 has been determined for chemically similar systems so that we can show that ϳ Ϫk B T. Hence, our results show that (i) surfactant mixing leads to low values of the elastic constants, (ii) catanionic vesicles can be thermodynamically stabilized by entropy, (iii) there is a spontaneous bilayer curvature in this system, and (iv) multilamellar liposomes are inhibited from forming by the Helfrich undulation interaction. Although these four criteria do not guarantee that spontaneous vesicles are at thermodynamic equilibrium, they are necessary ingredients for thermodynamic stability.
X-Ray Line Shape Analysis
The Caillé structure factor, originally developed to describe diffraction from smectic A liquid crystals, can also successfully describe scattering from both electrostatic-stabilized (24) and undulation-stabilized (21-23) lamellar systems. The Caillé theory relates the x-ray line shape to the membrane spacing, d, the bulk compression modulus, B, and the mean curvature modulus, . Thermally induced layer displacements diverge logarithmically with the domain size, L, destroying long-range order, which causes the conventional delta-function Bragg peaks in a crystal to be replaced by power law divergences (26) . For a powder sample, profiles of the bilayer (00l) reflections have the asymptotic form (22) :
The real-space Caillé correlation function is given by (27) 
ͪͪ, [3] in which ϵ ͌ ͞Bd, ␥ is Euler's constant, and E l is the exponential integral function.
In a single crystal of domain size, L, the structure factor is the Fourier transform of G(r) multiplied by a finite-size factor:
For a powder sample, S(0, 0, q) is averaged over all solid angles in reciprocal space:
[5]
For each harmonic peak order of l, there are five fitted parameters: l , , L, q 00l , and the peak intensity, I l . For a given sample, (Fig. 2) . (C) Macroscopic comparison of 40% and 50% water samples of CTAT:SDBS. The higher surfactant fraction is translucent, whereas the lower surfactant fraction sample is opaque white. When the sample vials are tilted, the 40% sample flows under its own weight, whereas the 50% and greater water fraction do not; the spherulite texture induces a yield stress in the material. This result is consistent with the microstructure presented in the freeze-fracture images.
all harmonics should give the same value of and L, but l should scale as l 2 . From these fits, and B are readily extracted:
[6]
Results and Discussion For 7:3 wt:wt CTAT:SDBS in water, above 20-25% total surfactant by weight, the entire sample volume is occupied a single lamellar liquid crystal phase. On dilution, there is a continuous transition to unilamellar vesicles via coexistence with multilamellar particles, as predicted theoretically (28) . The CTAT:SDBS system is nearly symmetric about the equimolar mixing ratio and presents two vesicle and two lamellar phases, one each of positive and negative net charge; the phase diagrams are available in refs. 1 and 15. The phase behavior in 0.25 M brine is similar for the CTAT-rich half of the phase diagram, while the SDBS-rich side collapses to a precipitate; hence, we concentrate on the CTAT-rich phases here. The primary peak and higher harmonics occur in the characteristic lamellar 1:2 pattern in reciprocal space and follow the classic dilution law ␦ ϭ d ϫ ⌽ mem (␦ is the bilayer membrane thickness, d is the layer repeat spacing, and ⌽ mem is the surfactant volume fraction). A linear fit to the data in Table 1 yields ␦ ϭ 27 Ϯ 2 Å. The full width at half maximum (FWHM) of the primary peaks scales inversely to the lamellar domain size; it is resolution-limited at 40% water but increases with 1͞⌽ mem . Macroscopically, the 40% water sample has a markedly lower turbidity and viscosity than lamellar samples Ն50% water (Fig. 1) . Fig. 1 A shows a freeze-fracture TEM (FFTEM) image of 7:3 wt:wt CTAT:SDBS in 40% water. The image is typical of gently undulating but overall flat bilayers similar to other lipid and surfactant lamellar phases and thermotropic smectic phases (21, (29) (30) (31) . The structure correlates well with the resolution-limited SAXS peaks, implying large lamellar domains. However, increasing the water content to 50% at constant CTAT:SDBS ratio leads to an interesting topological transition (Fig. 1B) . Although the SAXS and FFTEM show that the lamellar organization is retained, the domain size is greatly reduced and a spherulite defect topology is present, which we call a MLV phase. These micrometer-sized domains correlate with a dramatic increase in turbidity and viscosity from 40% to 50% water as shown in Fig.  1C ; the 40% sample is translucent and flows under its own weight, whereas the 50% sample is opaque white and does not flow. Increasing the water volume fraction to 70% causes the domain size to decrease ( Fig. 2A) , consistent with the increases in the FWHM of the primary SAXS peak (Table 1) ; the 70% sample is also opaque and does not flow. To confirm that the MLV topology is at equilibrium rather than due to sample preparation, a 70% water sample was heated to 100°C (through an isotropic phase transition) followed by 1 year of equilibration at 25°C. Fig. 2B shows that the spherulite topology is maintained and has a similar distribution of sizes to that in Fig. 2 A.
This MLV phase is similar structurally to the ''onion'' phases reported in numerous lamellar systems subjected to very strong shear-flows (32) and to dilute, highly charged, lamellar phases (33), but this spherulite structure is found rarely at equilibrium in dense lamellar phases. The very gentle mixing and heating that these CTAT:SDBS samples received cannot explain the spontaneous and stable formation of submicrometer structures, especially because the 40% water sample (Fig. 1) shows flat, extended bilayers under the same mixing conditions.
A highly defected, spherulite texture at high dilution progressing into flat layers at lower water fraction has previously been found in lamellar gels formed from dimyristoyl phosphatidylcholine, pentanol, and polymer lipids, but at higher water fractions and d-spacings (19) (20) (21) . A simple defect model suggests that the relationship between the d-spacing at the gel-fluid transition, d gel , the spontaneous curvature radius, R 0 , and is given by a balance between the curvature energy, E, and entropy, TS, of forming an edge dislocation pair of opposite Burgers vector 2d gel (19, 21) . The curvature energy per unit length is (from Eq. 1, with R 1 ϭ d͞2 and R 2 ϭ ϱ)
The entropy per unit length, TS͞L, of such a line defect is
These contributions balance at the gel point, which gives the following relation (19, 21) :
ͪ.
[9]
For the 7:3 CTAT:SDBS mixture, d gel ϭ 5.3 nm at 50% water; from the cryo-TEM analysis, R 0 ϭ 55 nm (11) , which predicts ϳ 0.25 k B T (which is the same order of magnitude that we find from the x-ray line shape; Fig. 3 ). The presence of the spherulite texture is confirmation of the two necessary ingredients for polydisperse, entropically stabilized vesicles to exist: a nonzero spontaneous curvature and ϳ k B T. We expect to find that spontaneous vesicle phases stabilized by entropy and a sponta- Measured small-angle x-ray spacings and peak widths for 7:3 wt:wt CTAT:S-DBS at different bilayer membrane fractions, ⌽ mem. The FWHM is inversely proportional to the size of the correlated bilayer domains and goes from resolution limited at the lowest 1͞⌽ mem to small domains of 5-20 bilayers at the maximum 1͞⌽ mem. The bilayer thickness; ␦, is related to d and ⌽mem by ␦ ϭ d ϫ ⌽ mem. A linear fit yields a membrane thickness of 27 Ϯ 2 Å. Fig. 2 . Electron microscopy shows that the gel phase texture persists to 70% water (A) and is stable for Ͼ1 year (B). (A) FFTEM of CTAT:SDBS, 7:3 wt:wt at 70% water. Sample prepared with mild stirring and heating, yet small but polydisperse multilamellar spherulites form spontaneously. Although the sizes of the spherulites range widely, the mean size is Ϸ0.5 m, approximately half that of the 50% water fraction sample (Fig. 1B). (B) FFTEM of CTAT:SDBS, 7:3 wt:wt, 70% water. The image was taken after annealing to 100°C (transparent fluid), cooling, and 1 additional year of time at 25°C. Spherulite membrane organization persists, suggesting that the texture is an equilibrium phenomena.
neous curvature should have a turbid, gel-like lamellar phase at sufficiently high water fraction (25) .
Caillé Line Shape Analysis
From the data in Table 1 , ␦ ϭ 27 Ϯ 2 Å using SAXS peak positions as a function of water dilution. Based on this thickness, basic elasticity theory predicts these membranes to have ϳ 10 k B T, neglecting heterogeneous chain-mixing effects (23) . This value of is inconsistent with the formation of the spherulite͞ lamellar gel phase at high water dilutions. Fig. 3 shows the full Caillé power law line shape fit to the first two harmonics of SAXS scans of 7:3 wt ratio CTAT:SDBS in 50 wt % 0.25 M NaCl brine. For 0.25 M electrolyte, the Debye screening length is Ͻ0.6 nm (13, 22) , significantly less than the smallest bilayer spacing measured. In addition, there is a substantial additional concentration of counterions released from the ion-paired surfactants so the actual Debye length is even less and electrostatic interactions are negligible. The horizontal axis is normalized by subtracting peak position, G, from the scattering vector, q. The vertical intensity axis is normalized by the peak intensity, I(G) as in Warriner et al. 
where the prefactor, ␣, is predicted to be 3, although this value is model dependent (35) . Fitting the limited 13:7 data to Eq. 10 with ␦ ϭ 2.7 nm gives o ϭ 0.28 k B T and ␣ ϭ 4.4. However, it should be noted that this renormalization remains under scrutiny in the literature, and Helfrich (36) has recently proposed that thermal fluctuations stiffen the membrane. The compression modulus, B, decreases smoothly from 70.7 Ϯ 13 to 47.6 Ϯ 9 in units of 10 5 erg͞cm 3 from 50% to 60% brine, which is consistent with the interbilayer repulsion being dominated by fluctuations (14, 21, 23) .
Surprisingly, adding pentanol to the CTAT:SDBS mixture eliminates the gel phase. Fig. 5 shows the SAXS patterns of 7:3 wt:wt CTAT:SDBS with 60% NaCl brine as a function of pentanol weight fraction. As the pentanol fraction is increased to 20% by weight (Ϸ60% by mole fraction), a fluid lamellar phase is obtained and the FWHM of the primary scattering peak becomes resolution limited, suggesting well correlated lamellar domains. Pentanol is often used in lipid bilayer studies to decrease (19) (20) (21) (22) (23) . However, for the CTAT:SDBS system, is already Ͻk B T due to surfactant mixing, and Eqs. 7-9 shows that a decrease in should make bilayer defects lower in energy, leading to gel phases at lower water fractions and d-spacings, the opposite of what is observed. A more likely explanation is that the added pentanol increases the spontaneous radius of curvature by diluting the concentration asymmetry that normally exists in the CTAT:SDBS bilayer. Safran et al. (2) argue that the spontaneous curvature is the result of nonideal mixing leading to concentration differences between the different monolayers in the bilayer. However, in mixtures with lipids, adding pentanol does not lead to a spontaneous bilayer curvature, but rather pentanol appears to partition equally on both sides of the bilayer (21) .
Hence, if pentanol partitions uniformly, the added pentanol just dilutes whatever concentration asymmetry does exist in the bilayer. The simplest model is that the spontaneous curvature should scale as R 0 ͞(1 Ϫ mole fraction pentanol). Hence, because 20 wt % pentanol is Ϸ60 mol %, R 0 should increase from Ϸ55 nm to Ϸ140 nm. If stays the same, then d gel should increase from 5.3 to Ϸ13.5 nm, which is significantly larger than the d-spacings of the lamellar phase (see Table 1 ). Hence, the gel phase is unstable and is eliminated in favor of the fluid lamellar phase, as is observed.
Conclusions
The existence of a lamellar gel at high dilutions that transforms into a fluid lamellar phase at lower dilutions suggests that CTAT:SDBS bilayers have a low bending elasticity, ϳ k B T, and a nonzero spontaneous curvature radius (19) (20) (21) . Caillé analysis of the small-angle x-ray line shape confirms that for 7:3 wt:wt CTAT:SDBS bilayers, ϭ 0.62 Ϯ 0.09 k B T. From this and previous results, ϭ Ϫ0.9 Ϯ 0.2 k B T. For 13:7 wt:wt CTAT:S-DBS bilayers, the measured bending elasticity decreases with increasing water dilution in good agreement with predictions based on renormalization theory (34, 35) , giving o ϭ 0.28 k B T.
These results show that surfactant mixing is sufficient to reduce sufficiently (37, 38) to allow the formation of bilayers with strong, repulsive, Helfrich undulations (14) Hence, the bilayer interactions should be repulsive at all separations, leading not only to the large lamellar dilutions observed for catanionic lamellar phases (Table 1) , but also to the thermal stabilization of spontaneous unilamellar vesicles. This result suggests a second reason why spontaneous vesicles have thus far only been found in surfactant mixtures: elastic constants of order k B T are likely only possible via surfactant mixing (37, 38) for surfactants of sufficient length to form bilayers (13) . Ten-to 16-carbon-long double-tailed surfactants and phospholipids are necessary to form stable bilayers; however, their elastic constants are of order 10 k B T (39-42) ; the van der Waals attraction between such bilayers cannot be overcome by the Helfrich undulation repulsion so multilamellar liposomes are the result. Mechanical disruption of the multilamellar liposomes can provide kinetically metastable unilamellar vesicles, but these eventually revert back to the multilamellar phase.
The combination of a nonzero spontaneous radius of curvature, a small positive , and a small negative explains both the existence of polydisperse, equilibrium unilamellar vesicles at high water fractions (3, 4, 11) and the lamellar gel-to-fluid phase transition as the water fraction is decreased (19, 21) . Hence, it appears that catanionic bilayers have low elastic constants due to surfactant mixing, which means that unilamellar vesicles can be thermodynamically stabilized by entropy. The vesicle size distributions (3) and the fluid to lamellar gel transition with increasing water fraction are consistent with a spontaneous bilayer curvature. The spontaneous curvature radius increases with dilution by pentanol, which likely distributes equally on both the inside and outside monolayers, reducing the composition asymmetry. Finally, multilamellar liposomes are inhibited from forming by the Helfrich undulation interaction, which makes the interaction between catanionic bilayers repulsive at all separations. Although this does not guarantee that spontaneous vesicles are at thermodynamic equilibrium, these are the necessary ingredients for thermodynamic stability of polydisperse, unilamellar catanionic vesicles. Moreover, the spontaneous curvature can likely be tuned by adding a uniformly partitioning diluent, such as pentanol, providing some control over the morphology of the lamellar phase, and likely over the mean size of spontaneous vesicles.
Materials and Methods
Cetyltrimethylammonium p-toluenesulfonate (98% pure; CTAT, Sigma) and SDBS (99% pure; TCI America) were used as received. Brine solutions (0.25 M) were prepared from mixtures of Milli-Q water and NaCl or NaBr salts of Ͼ99.9% purity (Aldrich) to minimize the effect of electrostatics on the x-ray line shape. In addition to the added salt, the counterions released by ion pairing of the catanionic surfactants also contribute to the total electrolyte concentration so that the Debye screening length is Ϸ0.5 nm (13, 22) , which is approximately an order of magnitude smaller than the smallest bilayer spacing. Samples were prepared by gentle mixing and heating cycles and allowed to equilibrate for at least 2 months undisturbed before x-ray or freeze-fracture analysis.
Preliminary phase behavior and scattering experiments at the University of California were performed on two different cus- (Fig. 1B) reverting to a ''flat'' stacked lamellar phase (Fig. 1 A) when the bilayers contain 20 wt % pentanol.
tom-built instruments with 18-kW Rigaku rotating anode sources (CuK ␣ , ϭ 1.54 Å) and 2D area detectors. In all experiments, samples were loaded into 1.5-mm borosilicate glass capillaries (Charles Supper Co.) and flame-sealed. Temperature control was via circulating heated or cooled fluid through an aluminum sample holder block, monitored by a thermistor located adjacent to the capillary.
For Caillé line shape analysis of lamellar phases, the Exxon Mobil X10A beamline at the Brookhaven National Laboratory's National Synchrotron Light Source was used. A double crystal (Ge͗111͘) monochromator, narrow slit geometry, and silicon crystal analyzer result in a typical in-plane resolution having a FWHM of 0.0004 Å, corresponding to a resolution of Ϸ3 m. Scattering was detected by using a Bicron point detector. After background subtraction, the SAXS peaks were fit to Eq. 6 by using a numerical routine that minimize 2 as in Warriner et al. (21) . Freeze-fracture samples were prepared as in Coldren et al. (11) . A Gatan charge-coupled device camera was used to record digital bright-field images with a JEOL 100CXII transmission electron microscope.
